This suggests that olfactory information is first roughly odor changes from orange and rose-like to rancid and organized into four large sets in the nose and then reorganized in the olfactory bulb into a sensory map, which
Figure 1. Aliphatic Odorants
The test odorants used were aliphatic alcohols with straight carbon chains ranging from 4 to 9 carbons in length (C4-C9), and the corresponding aliphatic carboxylic acids, bromocarboxylic acids, and dicarboxylic acids. *, not tested. segregated: each olfactory neuron in the nose and each exhibit transient increases in intracellular calcium that can be detected by calcium imaging with the calcium glomerulus in the olfactory bulb appear to be dedicated to input from one OR type. ]i for a series of aliphatic odorants with related structures but varied odors. The results of these studies provide (Grynkiewicz et al., 1985) . Each odorant was first tested at a concentration of 100 M, and odorants that elicited insight into the molecular bases of odor discrimination and the strategies used by the olfactory system to distina response at 100 M were retested at 10 M; if effective at 10 M, they were further tested at 1 M. Previous guish a vast number of different odorants. They also shed light on several intriguing features of olfactory perstudies have established that the odorant responses recorded from individual neurons using this approach ception in humans.
are reproducible and not subject to variability (see Experimental Procedures).
Results
We next used a two-step, single-cell RT-PCR procedure to identify the OR genes expressed by individual A Method to Identify Receptors for Specific Odorants neurons. In the first step, oligo-dT-primed cDNAs were prepared from the 3Ј 0.5-1.0 kb of mRNAs in each cell, To identify ORs that recognize specific odorants, we used a combination of calcium imaging and single-cell and the complex mix of cDNAs was amplified by PCR. In the second step, an aliquot of this 1Њ PCR product was RT-PCR. In response to odorants, olfactory neurons subjected to PCR with degenerate primers matching conserved amino acid sequence motifs in mammalian ORs. The OR cDNA product of this 2Њ PCR reaction was then isolated and sequenced.
Previous findings suggest that each olfactory neuron expresses only one OR gene (see above). To further examine this issue, and confirm that we could identify the OR expressed in a single neuron, we conducted a series of control experiments. Using nonresponsive control neurons, which should express an unbiased assortment of OR genes, we obtained OR cDNA PCR products from 18/26 cells using primers that match motifs in and around OR transmembrane domains 3, 6, and 7 (TM3, TM6, and TM7). We obtained OR cDNAs from twice as many cells with TM6/TM7 primers as with TM3/ TM6 primers, even though we previously found that the TM3/TM6 primers would amplify a large variety of ORs (for example, ‫005ف‬ different OR genes contained in human genomic clones [J. Brenman et al., unpublished data]). Since the 1Њ PCR reaction amplifies cDNAs prepared from the 3Ј ends of mRNAs, this difference is likely to reflect the fact that the 3Ј untranslated regions of different OR mRNAs vary in length (J. P. Montmayeur and L. B. B., unpublished data).
Direct sequencing of OR PCR products from the control cells (and from 24 neurons in earlier experiments) gave a single OR cDNA sequence per cell. Sequencing of two OR PCR products combined at ratios of 1:1 to 1:40 showed that a second OR cDNA could be detected if present at 1/20 the concentration of the major species. We also cloned TM6-TM7 OR cDNAs from two neurons and hybridized the inserts of 60 clones from each to a probe prepared from one insert of each set. All inserts from each set hybridized to the OR probe from the appropriate set, but none hybridized to the OR probe from the other set (data not shown).
If a neuron expressed two OR genes, would this method detect the expression of both genes? To address this question, we made six pairwise combinations of the 1Њ RT-PCR products obtained from four neurons that had previously yielded OR cDNAs and amplified the mixes, or each alone, with OR primers. Digestion of each OR PCR product with enzymes that cut one or the other of the cDNAs showed that each mix yielded the two expected OR cDNA species, one cut with one restriction enzyme, and the other cut with the second enzyme (Fig- 
A Single Odorant Is Recognized
S50, and S79 all recognized nonanedioc acid indicates that ORs that are nearly identical may indeed recognize by Multiple Receptors A second important point made by the OR recognition the same odorant. For each of these ORs, nonanedioic acid stimulated the most robust (or the only) cellular profiles is that a single odorant can be recognized by multiple receptors (Figure 6 ). The 14 neurons in which response, and it elicited a response at 1-10 M as well as 100 M, suggesting a relatively high affinity interacwe identified ORs responded to a total of 17 odorants. Most (11/17) of the odorants were recognized by two tion. Neurons 6 and 79 also responded weakly to octanedioc acid, while S50 did not, suggesting that highly or more ORs. Since most of the odorants were also recognized by neurons from which we did not obtain related ORs might have related, but distinct, recognition profiles. However, even though Southern blotting and OR cDNAs, they are probably recognized by additional ORs in vivo.
genomic clone analyses indicated that there is a single S6/S79 gene (and a separate S50 gene), neuron 79 reOne might imagine that ORs that interact with the same odorant would have similar protein sequences. In sponded to two odorants that S6 did not (Figure 6 ), and while S6 responded less well to 10 M than 100 M fact, three of four ORs that detected nonanedioic acid (S6, S50, and S79) are highly related. In the TM3-TM6 nonanedioc acid, S79 responded equally at the two concentrations. These differences, as well as those between region, S6 and S79 are 100% identical, and S50 is 96% identical to S6/S79 (Figure 5) , a finding that, parentheti-S50 and S6/S79, could conceivably result from heterogeneity in the level of expression of an OR gene (or cally, also provides support for the reliability of the assay system used. However, the fourth OR (S85) that recoganother transduction molecule) in different neurons, or in the same neuron at different stages of development nized nonanedioc acid is only 33% identical to the others. Similarly, one OR that recognized octanoic acid (S1) (olfactory neurons live for 30-60 days), differences in the health of isolated neurons, or the existence of sepais only 22%-30% identical to the other seven ORs that recognized the same odorant, and the other seven are rate S6 and S79 genes that we could not detect. The number of neurons, and the number of identified only 27%-50% identical to each other. Thus, a single odorant can be recognized by a diverse set of ORs, ORs, that recognized different odorants varied considerably in our studies. For example, 1/47 neurons responded some of which may be highly related to one another.
One might also predict that ORs that are highly related to bromopentanoic acid, whereas 22/47 neurons responded to nonanoic acid. As a group, dicarboxylic acids would recognize the same odorant. The fact that S6, unpleasant odors. Many are perceived as rancid, sour, and sweaty, and some are also described as goat-like These data provide direct evidence that different odorants are encoded by different combinations of ORs, or repulsive. In contrast, the alcohols are described as pleasant, with herbal, woody, floral, and/or fruity scents. with each OR serving as one component of the composite "receptor codes" for many odorants. They further Figure 7 compares the ORs that recognized carboxylic acids and aliphatic alcohols with the same carbon show that odorants that have related structures can be recognized by overlapping, though nonidentical, sets of chains. In every instance, the acid and alcohol with the same carbon chain were recognized by different combiORs and thus have overlapping, but distinct, receptor codes.
nations of ORs, but one or more ORs usually recognized both. In the case of nonanoic acid and nonanol, for The results shown in Figure 6 also suggest that a change in the concentration of an odorant can result example, all five ORs that recognized the alcohol also recognized the acid, but the acid was also recognized in a change in its receptor code. Most neurons that responded to an odorant at 100 M were retested with by three other ORs. In the case of heptanoic acid and heptanol, only one OR recognized both, while five ORs that odorant at 10 M and, if appropriate, at 1 M. In some cases, a neuron continued to respond at a lower recognized only the acid and two ORs recognized only divergent ORs, and that odorants that are almost identical in structure can be recognized by different, but often overlapping, sets of ORs. Finally, our studies indicate that slight changes in the structure of an odorant or changes in its concentration result in changes in the combination of receptors that recognize the odorant. The implications of these findings for odor discrimination and perception are discussed below.
Combinatorial Receptor Codes for Odors
These studies provide evidence that the mammalian olfactory system uses a combinatorial receptor coding scheme to encode odor identity and to discriminate odors ( Here, we embarked on an initial exploration of the molecular bases of odor discrimination. We identified the alcohol. In the total responsive neuron population, two structural features of aliphatic odorants that appear differences were also seen. For example, of 21 neurons to be important to their recognition by ORs: the length that responded to octanoic acid and 16 that responded of the odorant's carbon chain, and its functional group. to octanol, 9 neurons responded to both. These comparIndividual receptors recognized only odorants with sevisons again emphasize that changes in odorant structure eral consecutive carbon chain lengths and odorants with can result in changes in the receptor code for an odorcertain functional groups, but not others. A similar reant. They further suggest that a change in an odorant's striction was previously seen for the I7 ORs in rat and receptor code can give rise to a striking change in permouse (Krautwurst et al., 1998; Zhao et al., 1998 , 1996) . Given that the code for an odorant consists Some odorants are perceived as having different of a combination of ORs, this arrangement suggests odors at different concentrations. A striking example is that the individual components of an odor code are thioterpineol, whose odor is described as "tropical fruit" anatomically segregated in both the nose and bulb-in at a low concentration, as "grapefruit" at a higher conthe nose into different neurons, and in the bulb into centration, and as "stench" at a still higher concentration different glomeruli. areas, such as the amygdala and hypothalamus, which Differences in the sizes of odor codes might also be are thought to mediate the emotional and physiological relevant to the existence of selective perceptual deficits effects of odors. It is not known whether all of these (specific anosmias) to some odorants, but not others areas receive information derived from the entire OR (Amoore, 1970). If an odorant is recognized by only one repertoire. It may be, for example, that higher cortical OR, mutations in that OR would result in specific anosareas that mediate the conscious perception of odors mia for the odorant. If an odorant is recognized by multireceive information derived from all ORs, while the hypople ORs, specific anosmia would not occur unless all of thalamus receives relatively direct input only from ORs the relevant ORs were mutated. In this case, mutation that signal the presence of chemicals whose recognition of one OR that recognizes the odorant would, however, is of particular value to the perpetuation of the species, change its code, perhaps giving rise to perceptual differsuch as rotten food or a pheromone. ences among individuals, which are known but not understood.
Experimental Procedures
What is the molecular basis of odor quality? Interest- 
